Berberine is a quaternary ammonium salt from the protoberberine group of isoquinoline alkaloids. Some reports show that berberine exhibits anti-inflammatory, antitumor, and antiviral properties by modulating multiple cellular signaling pathways, including p53, nuclear factor B (NF-B), and mitogen-activated protein kinase. In the present study, we investigated the antiviral effect of berberine against herpes simplex virus (HSV) infection. Current antiherpes medicines such as acyclovir can lessen the recurring activation when used early at infection but are unable to prevent or cure infections where treatment has selected for resistant mutants. In searching for new antiviral agents against herpesvirus infection, we found that berberine reduced viral RNA transcription, protein synthesis, and virus titers in a dose-dependent manner. To elucidate the mechanism of its antiviral activity, the effect of berberine on the individual steps of viral replication cycle of HSV was investigated via time-of-drug addition assay. We found that berberine acted at the early stage of HSV replication cycle, between viral attachment/entry and genomic DNA replication, probably at the immediate-early gene expression stage. We further demonstrated that berberine significantly reduced HSV-induced NF-B activation, as well as IB-␣ degradation and p65 nuclear translocation. Moreover, we found that berberine also depressed HSV-induced c-Jun N-terminal kinase (JNK) phosphorylation but had little effect on p38 phosphorylation. Our results suggest that the berberine inhibition of HSV infection may be mediated through modulating cellular JNK and NF-B pathways.
H
erpes simplex virus (HSV) infection causes several distinct medical disorders. Common infection of the skin or mucosa may affect the face and mouth (orofacial herpes), genitalia (genital herpes), or hands (herpetic whitlow) (1, 2) . More serious disorders occur when the virus infects and damages the eye (herpes keratitis) or invades the central nervous system, damaging the brain (herpes encephalitis). HSV infection is highly prevalent worldwide and is shown to facilitate human immunodeficiency virus type 1 (HIV-1) infection and transmission (3) (4) (5) (6) . HSV-1 and HSV-2, both large DNA viruses, are the etiological agents for orofacial and genital infections, respectively, although HSV-1 infection of genitalia was also reported (1, 7) .
HSV establishes lifelong infection, and the virus cannot yet be eradicated once the virus establishes latency. Unfortunately, there are no cures or approved vaccines to prevent HSV infection and transmission. Antiviral medication is most effective if it is taken when patients have the prodromal symptoms of a recurrent genital herpes outbreak. Acyclovir, famcyclovir, valacyclovir, and penciclovir are the currently available medications which act in similar mechanisms by inhibiting viral DNA polymerase and causing premature chain termination when they compete with guanine triphosphate for incorporation into newly synthesized viral DNA (8) (9) (10) . Acyclovir is thus an effective inhibitor of HSV and causes only mild side effects. However, drug resistance occurs especially in immunocompromised individuals (11) (12) (13) . Due to the limited effectiveness of the current medication and resistant viruses, it is necessary to continue the search for new potential antiviral agents that act in distinct antiviral mechanisms.
Previous studies have shown that berberine ( Fig. 1A ) possesses in vitro activities in suppressing the growth of colonic carcinoma (14) , neuroblastoma (15) , and a number of other tumor cells (16) .
Although the mechanisms of these antipathogenic and antitumor activities have not been well illustrated, its inhibitory effects on several intracellular signaling pathways, including p53 nuclear factor B (NF-B) (17) and mitogen-activated protein kinase (MAPK) (18) , have been investigated.
We demonstrate here the antiviral activity of berberine against the infection of both HSV-1 and HSV-2 and provide evidence showing that its inhibitory activity is mediated by modulating host cell NF-B and MAPK pathway activation. The treatment of berberine could result in the inhibition of virus-induced IB-␣ degradation and p65 nuclear translocation. We also provide evidence that treatment with berberine suppressed c-Jun N-terminal kinase (JNK) activation in HSV-infected cells. These findings demonstrate that berberine may possess a unique mechanism of antiviral action and may serve as a potential antiherpesvirus agent.
(Haimen, Jiangsu, China). Alexa Fluor 488-conjugated goat anti-mouse IgG(HϩL) and DAPI (4=,6=-diamidino-2-phenylindole) were obtained from Life Technologies (Carlsbad, CA). IRDye 680-conjugated goat antirabbit and IRDye 800-conjugated goat anti-mouse antibodies were obtained from LI-COR (Lincoln, NE). Antibodies specific for gD-1/2, ICP4-1, ICP-8, ICP27-1, JNK2, p38, GAPDH (glyceraldehyde-3-phosphate dehydrogenase), and ␤-catenin, and radioimmunoprecipitation assay (RIPA) lysis buffer were purchased from Santa Cruz (Santa Cruz, CA). Antibodies specific for p65, p-p38, p-c-Jun, p-JNK1/2, p-ATF-2, and IB-␣ were obtained from Cell Signaling Technology (Beverly, MA). Anti-ICP5-1/2 was obtained from Abcam (Cambridge, United Kingdom). Recombinant human tumor necrosis factor alpha (TNF-␣) was obtained from PeproTech (Rocky Hill, NJ).
HEK293T, Vero, and HEC-1-A cells were obtained from the American Type Culture Collection (Manassas, VA). NF-B-luc and AP-1-luc reporter plasmids were purchased from Clontech (Palo Alto, CA). pGL4/ TNF-␣ promoter was constructed by inserting the TNF-␣ promoter (ca. bp Ϫ100 to ϩ900) into pGL4.17 (Promega, Madison, WI). HSV-1(HF), HSV-1/blue, and HSV-2(G) were propagated and titrated on Vero cells as described previously (19) .
In vitro antiviral assay. The in vitro antiviral activity of berberine was determined by titrating the infectious virions in berberine-treated cells as described previously (20) . HEC-1-A cells were seeded into 96-well plates at a density of 2 ϫ 10 4 per well and cultured for 24 h and then pretreated with serial concentrations of berberine and infected with HSV-1 or HSV-2 (multiplicity of infection [MOI] ϭ 1). At 24 h postinfection (p.i.), the culture medium was discarded, and then 200 l of fresh medium was dispensed into each well. HSV-1/2-infected cells were frozen and thawed with three cycles to release the virions. The virion-containing medium was then diluted and dispensed on confluent Vero cell monolayers. Viral titration was performed by counting the numbers of plaques.
In vitro cytotoxicity assay. The in vitro cytotoxicity of berberine was measured by using a commercial CCK-8 kit (Dojindo, Kumamoto, Japan) via the colorimetric method according to the manufacturer's instructions. Briefly, 2 ϫ 104 cells per well were seeded into 96-well plates and cultured for 24 h before serial concentrations of berberine were added in triplicate. After 24 h, 10 l of CCK-8 reagent was dispensed into each well, and the plates were incubated at 37°C for 3 h. The absorbance at 450 nm was measured using a TECAN Infinite M200 microplate reader (Männedorf, Switzerland). Cell viability was plotted as the percent viable cells of the mock-treated control cells.
Western blotting and in-cell Western assay. The cells were lysed using RIPA lysis buffer on ice for 30 min and then centrifuged at 12,000 ϫ g for 10 min at 4°C. Total protein concentrations in the supernatants were determined using BCA protein assay kit (Pierce, Rockford, IL). After they were separated using SDS-PAGE, the proteins were transferred to polyvinylidene difluoride membranes (Millipore, Billerica, MA). The membranes were blocked using Odyssey blocking buffer (LI-COR) and then incubated with primary antibodies for 2 h at room temperature. After five washes with PBS-T buffer (phosphate-buffered saline, 0.1% Tween 20), the membranes were incubated in IRDye IgG (1:10,000) for 1 h at room temperature and visualized using a LI-COR Odyssey infrared imager.
An in-cell Western assay was performed in a 96-well plate. The cells cultured in a 96-well plate were fixed with 4% paraformaldehyde for 20 min at room temperature and permeabilized by five washes in PBS-0.1% Triton X-100 with 5 min for each wash. The cell monolayers were blocked for 90 min in blocking buffer (4% nonfat dry milk) and then incubated with primary antibodies diluted in blocking buffer (1:200) for 2 h at room temperature. After washing with PBS-T buffer, the cell layers were stained with IRDye IgG (1:1500) for 1 h, rinsed and scanned in an Odyssey infrared imager. The relative protein expression level was normalized against ␤-catenin.
Synergy analysis. Anti-HSV-2 activity of berberine and acyclovir were tested individually in serial concentrations in HEC-1-A cells through an in-cell Western assay, and the 50% maximal effective concentrations (EC 50 s) of the single drugs were calculated. The two drug combinations were tested at a fixed molar concentration ratio, which was optimized to give the greatest synergism over a range of serial dilutions. The EC 50 s of single drugs and the combination index (CI) of the two drugs were calculated using CalcuSyn software (21) according to the method of Chou and Talalay (22) . The synergy was estimated from the CI values (22) and scored as follows: CI Ͻ 0.1, very strong synergism; CI ϭ 0.1 to 0.3, strong synergism; CI ϭ 0.3 to 0.7, synergism; CI ϭ 0.7 to 0.85, moderate synergism; CI ϭ 0.85 to 0.90, slight synergism; CI ϭ 0.9 to 1.1, nearly additive synergism; and CI ϭ Ͼ 1.1, antagonism.
Immunofluorescence staining and microscopic imaging. HEC-1-A cells grown on 10-mm glass coverslips in a 24-well plate were rinsed with PBS and then fixed with 4% paraformaldehyde for 15 min at room tem- perature. The cells were then permeabilized with PBS-0.2% Triton X-100 for 15 min, followed by two washes with PBS. The coverslips were blocked with 1% bovine serum albumin in PBS for 30 min at room temperature. Target proteins were immunolabeled using respective primary antibodies, followed by Alexa Fluor 488-conjugated goat anti-mouse 488 IgG and Alexa Fluor-conjugated goat anti-rabbit 594 IgG (Life Technologies). Nuclei were visualized by staining with DAPI. Images were acquired using an Olympus FluoView FV10i confocal microscope (Tokyo, Japan).
Cell transfection and luciferase assay. HEC-1-A cells cultured in a 96-well plate were transiently transfected with luciferase reporter plasmid (100 ng/well) using Lipofectamine 2000 transfection reagent (Life Technologies). The cells were further cultured for 24 h and treated as described above. The relative luciferase activity was determined using a Bright-Glo luciferase assay system (Promega).
RNA extraction and real-time PCR. Cellular total RNA was extracted using TRIzol reagent (Life Technologies) according to the manufacturer's protocol. cDNA was reverse transcribed using a ReverTra Ace qPCR-RT kit (Toyobo, Osaka, Japan). Real-time PCR was performed in triplicate on ABI Prism 7300 sequence detection system using the SYBR green PCR master mix (Life Technologies). The sequences of primer pairs are listed in Table 1 . mRNA transcription levels were standardized against housekeeping gene GAPDH.
HSV-1/blue assay. Confluent HEC-1-A cells in a 96-well plate were preincubated with drugs for 30 min and then infected with HSV-1/blue (MOI ϭ 1). The cells were lysed with 1% NP-40 in PBS at 12 h p.i. The cell lysates were then transferred into a new Costar 96-well flat plate and mixed with CPRG (chlorophenol red-␤-D-galactopyranoside; Boehringer, Ingelheim, Germany), and the ␤-galactosidase (␤-Gal) activities were measured in a TECAN Infinity M200 microplate reader at 570 nm after 1 h.
Statistics. Statistical analysis was performed using a two-tailed Student t test. Statistical significance is indicated in the figures by asterisks (*, P Ͻ 0.05; **, P Ͻ 0.01).
RESULTS

Berberine inhibited HSV viral replication.
To investigate the antiviral effect of berberine on HSV-1 and HSV-2 replication, HEC-1-A cells were pretreated with serial concentrations of berberine and then infected with HSV-1(HF) and HSV-2(G), respectively. Berberine effectively inhibited the formation of an HSV-induced cytopathogenic effect (data not shown). Furthermore, the infectious viral particles were released by three cycles of freezing and thawing the infected cells, and viral infectivity was titrated by measuring the PFU. As shown in Fig. 1B and C, berberine inhibited the replication of both HSV-1 (Fig. 1B ) and HSV-2 ( Fig. 1C ) in a dose-dependent manner. The EC 50 s for HSV-1 and HSV-2 were 6.77 Ϯ 1.13 M and 5.04 Ϯ 1.07 M, respectively.
We initially investigated its anti-HSV activity by monitoring the reduction of gD expression, an HSV late gene product. As shown in Fig. 2A and B, berberine was effective in inhibiting the expression of both HSV-1 ( Fig. 2A ) and HSV-2 gD (Fig. 2B ). To confirm these results, we investigated the effect of berberine on HSV-1 or HSV-2 gD expression level by measuring the copy numbers of gD mRNA transcript via real-time PCR. Similarly, the inhibitory effect was in parallel to that of the protein expression ( Fig.  2C and D) . The expression of another late gene product, VP5, the major capsid protein, was also determined, and the results were consistent with the gD expression ( Fig. 2E and F) . Western blot analysis of gD expression in another HSV permissive cell line, HEK293T cells, further substantiated the inhibitory effect of berberine and ruled out a cell type-specific effect of the drug, as shown in Fig. 2G . We conclude from these findings that berberine inhibits the replication of HSV-1 and HSV-2 and viral late gene expression. The viral inhibitory activity was not due to the effect of cytotoxicity of the drug to the host cells, since we showed that berberine had low cytotoxicities to both HEK293T and HEC-1-A cell lines. As shown in Fig. 2H , the 50% cytotoxicity concentration (CC 50 ) of berberine to HEC-1-A cells was Ͼ400 M, which was significantly higher than the viral inhibitory dosage. The CC 50 of berberine to HEK293T cells was 165.7 M, which was still significantly higher than that used in its antiviral assay. These results suggest that the viral inhibitory activity of berberine is not due to its cytotoxicity.
Berberine inhibited HSV infection at a postentry step. A time-of-drug-addition assay was performed to determine the steps of berberine action during HSV-2 replication cycle. As shown in Fig. 3 , HSV-2-infected HEC-1-A cells were treated with berberine, acyclovir, and dextran sulfate (DXS; a polyanion that inhibits HSV virion attachment and entry) at the indicated time points postinfection. The results showed that HSV-2 began to escape the inhibition by berberine at 4 to 8 h p.i., whereas it escaped from the inhibition by DXS at 0 to 2 h p.i. Acyclovir inhibited HSV-2 gD expression during the entire period from 0 to 8 h p.i. Based on these observations, we postulate that berberine may act at an early stage of HSV replication cycle, between viral entry and viral genomic DNA replication, probably during the immediate-early (IE) gene expression stage.
Berberine inhibited HSV IE and early genes expression. We further explored the mechanisms of berberine inhibition of gD expression by investigating the IE genes that regulate the late genes. Due to the importance of HSV IE expression in viral replication, we first investigated the inhibitory effect of berberine on one of the IE genes, infected cell polypeptide 4 (ICP4), at 24 h p.i. We found, using an in-cell Western assay (Fig. 4A) , that berberine inhibited HSV-1 ICP4 expression in a dose-dependent manner, a finding consistent with the reduction of late gene expression (see Fig. 2 ). We also used HSV-1/blue recombinant virus to determine the inhibitory effect of berberine on reporter gene lacZ expression. This virus contains an HSV-1 ICP4 promoter-driven lacZ gene inserted into HSV-1 thymidine kinase (TK) gene loci (23, 24) . As shown in Fig. 4B , berberine inhibited ICP4 promoter-driven lacZ gene expression in a dose-dependent manner, further demonstrating that berberine might inhibit HSV replication by interfering with viral IE gene expression. We also investigated the time course of the inhibitory effect of berberine on ICP4 gene expression during the early stages of HSV infection, and the result showed that berberine could inhibit ICP4 expression at 8 and 12 h p.i. and completely inhibited gD expression (Fig. 4C) . We also investigated the time course of the inhibitory effect of berberine on ICP27 gene expression during the early stages of HSV infection, and the result showed that berberine could also have an inhibitory effect on ICP27 expression at 8 and 12 h p.i. (Fig. 4D) .
Whether berberine inhibited HSV-1 early gene expression was also determined. As shown in Fig. 4E , berberine could block ICP8 expression completely. ICP8 is a single-strand DNA-binding protein that is required for HSV genomic DNA replication (25) . The inhibitory effect of berberine on ICP8 was consistent with the results of the late gene expression (Fig. 2) .
Berberine inhibited HSV-2-induced NF-B activation. HSV infection induces a persistent NF-B activation, which is necessary for viral replication and host cell survival during the early stage of viral infection (26) (27) (28) (29) . To better understand whether berberine could inhibit HSV-2-induced NF-B activation, we used NF-B luciferase reporter plasmid to evaluate its effect. As shown in Fig. 5A , berberine downregulated HSV-2-induced NF-B activation in a dose-dependent manner. MG132, a specific proteasome and NF-B inhibitor that served as a positive control, completely inhibited NF-B activation. We also examined the level of IB-␣, an endogenous NF-B inhibitor, and found that HSV-2 infection induced the degradation of IB-␣, whereas berberine could block the IB-␣ degradation at 12 and 24 h p.i. (Fig.  5B) . We also evaluated the effect of berberine on TNF-␣-induced NF-B activation, and the results showed that berberine at a concentration of 50 M could suppress TNF-␣-induced NF-B and that treatment with berberine alone did not induce NF-B activation (Fig. 5C ). p65 is a subunit of NF-B transcription complex, which plays a crucial role in inflammatory and immune responses. The inhibitory effect of IB-␣ upon NF-B in the cytoplasm is exerted primarily through the interaction with p65, and p65 nuclear translocation is often taken as an indication of NF-B activation. We also demonstrated that berberine could inhibit virusmediated p65 nuclear translocation and HSV-2 gD expression simultaneously (Fig. 5D) . Together, the data suggest that berberine may inhibit HSV-2-induced NF-B activation, which may result in an inhibition of HSV replication.
Berberine inhibited HSV-2-induced JNK activation but showed less effect on p38 MAPK activation. The JNK and p38 MAPK pathways are stimulated by HSV-1 infection, and their activations play a central role on HSV-1 replication (30, 31) . We investigated whether HSV-2 infection would activate both MAPK cascades in HEC-1-A cells and whether berberine would inhibit HSV-2-induced AP-1 activation, which was the main transcription factor downstream of JNK/p38 MAPK. We found that berberine inhibited HSV-2-induced AP-1 binding site-driven luciferase expression in a dose-dependent manner, implying that it could attenuate virus-mediated MAPK activation through mod- ulating certain cascade(s) (Fig. 6A) . We also found that HSV-2 infection resulted in the persistent activation of the JNK and p38 MAPK pathways in HEC-1-A cells (Fig. 6B) and that their specific inhibitors (SB203580 and SP600125, respectively) were able to reduce HSV-2 replication (Fig. 6C) . Further evidence showed that berberine could disrupt the phosphorylation of the upstream activator JNK but not p38 MAPK. As shown in Fig. 6D , HSV-2 infection caused JNK phosphorylation, which could be suppressed by berberine. The phosphorylation of its substrate, c-Jun was also attenuated by the berberine treatment. In contrast, berberine would increase the phosphorylation level of p38 MAPK in mock-infected cells. Although the low concentrations of berberine (12.5 M) partially inhibited HSV-2-induced p38 activation, high concentrations activated the p38 MAPK cascade instead. ATF-2, the substrate of both JNK and p38 MAPK, was also activated in berberine-treated uninfected cells but suppressed in infected ones which might be due to the JNK pathway. These results indicate that berberine inhibits HSV-2-induced JNK activation but only has a marginal inhibitory effect on p38 MAPK activation. The effect of berberine on PMA-induced MAPK activation was also investigated. As shown in Fig. 6E , berberine could inhibit PMA-induced phosphorylation of JNK and its specific substrate c-Jun but showed less effect on p38 MAPK and ATF-2. Together, the data suggest that berberine may inhibit HSV-2-induced JNK activation, which may result in an inhibition of HSV replication but not of the p38 MAPK cascade. 
Berberine downregulated HSV-2-induced interleukin-8 (IL-8) and TNF-␣ expression.
Previous studies report that HSV infection could upregulate the expression of certain cytokines/ chemokines, which is associated with cellular NF-B and MAPK activation (32, 33) . Therefore, whether berberine would inhibit the virus-induced upregulation of cytokines/chemokines was investigated via real-time PCR. As shown in Fig. 7A and B, berberine effectively inhibited the expression of virus-induced IL-8 and TNF-␣, two hallmarks of chemotactic and proinflammatory factors, respectively. Using a TNF-␣ reporter plasmid, we also confirmed the inhibitory effect of berberine on TNF-␣ promoter activity (Fig. 7C) .
The synergistic effect of berberine and acyclovir against HSV-2 infection. Since berberine and acyclovir, an inhibitor of herpesvirus TK, likely acted with distinct mechanisms against HSV (as demonstrated above), the viral inhibitory activity of combining berberine and acyclovir was investigated. As shown in Fig.  8 , the combination index (CI) of berberine and acyclovir was 0.814, which represented a moderate synergism against HSV-2 infection when two drugs were used in combination, suggesting potential beneficial effects of using the two drugs together.
DISCUSSION
Berberine is a natural product found in many traditional Chinese herbs. It is found in plants such as Berberis, Hydrastis canadensis (goldenseal), Xanthorhiza simplicissima (yellow root), and Phellodendron amurense (Amur cork tree) and has been used traditionally to treat fungal, Candida albicans, parasite, and bacterial/viral infections (17, (34) (35) (36) . Some reports suggest it as a potential antitumor and anti-inflammatory agent (37, 38) .
Berberine exhibits inhibitory activity against some viruses, including influenza A virus (39) and human cytomegalovirus (40) . Chin et al. first reported that berberine from Coptidis rhizoma showed an anti-HSV effect (41) . Due to its low cytotoxicity and minimal side effects, berberine is considered a promising antiviral drug candidate for alternative treatment. In the present study, we demonstrated that berberine could effectively inhibit HSV-1 and HSV-2 replication at concentrations below the 50% cytotoxicity dosage ( Fig. 1 and 2) . We also studied the synergistic effect of berberine and acyclovir against HSV-2 infection in vitro and showed that these two drugs exhibited moderate synergism against viral replication (Fig. 8) . Combination treatment of acyclovir with a drug that has the ability to inhibit HSV replication could increase the anti-HSV activity in vitro and in vivo (42) (43) (44) (45) . In the present study, we found that berberine not only attenuated HSV replication but also depressed the inflammatory response and associated pathway activation. Thus, berberine and acyclovir may be potentially used in combination for the treatment of HSV infection.
The time-of-drug-addition analysis indicated that berberine exerted its inhibitory effect after viral attachment and entry but before HSV genomic DNA replication (Fig. 3) . Further mechanistic analysis showed that berberine inhibited expression of the viral IE genes ICP4 and ICP27. We postulate that berberine might act at the stage of HSV IE gene expression and thus inhibit the expression of early (ICP8) and late (ICP5 and gD) gene expression, lead- ing to reduced HSV infectivity and inhibition of viral replication. HSV IE gene expression plays significant roles in viral replication and regulates early and late gene expression. ICP4 and ICP27 are two major transcriptional activators for the viral early and late genes and are essential for viral growth (46, 47) . Our evidence suggests that the inhibitory effect of berberine is mediated by acting on ICP4 and ICP27 expression, leading to the downmodulation of downstream early and late gene expression.
HSV can utilize certain cellular signaling pathways to facilitate its replication. In the present study, we found that berberine depressed the degradation of endogenous NF-B inhibitor IB-␣ and p65 nuclear translocation induced by HSV-2 infection, leading to the inhibition of NF-B activation. It has been reported that HSV infection undergoes a sustained host cell NF-B activation, which is necessary to prevent host cell from apoptosis at 3 to 6 h p.i. and lasts until the viral lytic phase (48) . NF-B belongs to the foremost transcription factors that mediate immune, inflammatory, or antiapoptotic responses. NF-B can be activated by the exposure of cells to lipopolysaccharide (LPS), inflammatory cytokines (TNF-␣, IL-1␤, etc.), phorbol ester, UV irradiation, or viral infection or by the expression of certain viral gene products (49) . Since NF-B plays a key role in promoting HSV infection, inhibition of NF-B signaling might be a promising therapeutic approach in HSV-induced inflammatory responses (50) . The effect of berberine on NF-B activation during HSV replication indicates that it might be a potential inhibitor in HSV multiplication. It is worth mentioning that berberine showed significant antiviral activity at low concentrations; however, it could not inhibit HSV-2-induced NF-B activation at the same concentration. Only high concentrations of berberine could inhibit virus-induced NF-B activation. This suggested to us that berberine is a multifunctional molecule and may have other mechanisms of action for an antiherpesvirus effect.
Previous reports have shown that HSV infection resulted in activation of the JNK/MAPK pathway. Both JNK and p38 MAPK are stimulated after HSV infection. A subset of cellular genes transactivated by AP-1 may ensure efficient viral gene expression and DNA replication and facilitate viral replication (31, 51) . JNK and p38 MAPK are two main members of the MAPK family, and these two stress-activated protein kinases are activators for sensing various stimuli, such as proinflammatory cytokines, genotoxic agents, osmotic shock, and bacterial LPS (52) . Activated JNK and p38 MAPK can transmit upstream signals to downstream factors and thus mediate apoptosis, differentiation, growth, or immune responses. JNK and p38 MAPK are also reported to be stimulated by many viruses or virus-associated proteins, including vaccinia virus (53), rotavirus (54), varicella-zoster virus (55), HIV-1 (56), HSV-1 (30), coxsackievirus B3 (57), influenza virus (58), and hepatitis B/C virus (59) . Our data showed that berberine had an inhibitory effect on the activation of transcription factor AP-1, the main downstream factor of JNK and p38 MAPK, and that HSV infection led to a robust JNK phosphorylation, which was mitigated by berberine treatment. The virus-induced c-Jun and ATF-2 phosphorylations were also suppressed by the drug in a dosedependent manner. Although berberine at 12.5 M exhibited a slight inhibitory effect on HSV-induced p38 phosphorylation, the higher concentration (50 M) increased the level of phosphorylated p38 in both mock-infected and HSV-infected cells (Fig. 6B) . Besides, berberine could attenuate PMA-induced JNK activation but showed marginal effect on p38 MAPK (Fig. 6E) . Based on the observations that berberine inhibited HSV-induced JNK phosphorylation, we postulate that berberine may act at upstream of the JNK cascade, which requires further investigation. IL-8 and TNF-␣ are important hallmarks of chemotactic and proinflammatory responses, respectively, and these two inflammatory cytokines are upregulated during HSV-1 infection, which is associated with the MAPK and NF-B pathways (32, 33) . The IL-8 promoter region has binding sites for NF-B and AP-1, and this proinflammatory factor can be regulated by NF-B and MAPK activation (60, 61) . The TNF-␣ promoter has four NF-B binding sites and one AP-1 binding site (62) . We showed that berberine inhibited HSV-2-induced upregulation of IL-8 and TNF-␣ expression (Fig.  7) , a finding consistent with our evidence that berberine downregulated these downstream factors via modulating the MAPK and NF-B pathways.
In conclusion, we investigated the inhibitory mechanism of berberine on HSV-1 and HSV-2 infection and found that berberine significantly inhibited HSV-induced JNK and NF-B activation. As a result, we conclude that the inhibitory effect of berberine on host cell JNK and NF-B activation may thus inhibit HSV replication. However, further study is needed to delineate the mechanisms of the IE genes and the NF-B and JNK pathways in detail. In view of its low cytotoxicity and significant antiherpetic activity, berberine might be a valuable candidate for further study as a promising anti-HSV drug.
